Micro slip activation and localization in Ti-6Al-4V deformed in tension have been examined quantitatively using high-resolution (HR) digital image correlation (DIC), HR-electron backscatter diffraction (EBSD) and crystal plasticity finite element modelling. The measured polycrystal slip, strain, lattice rotation and geometrically necessary dislocation (GND) density distributions are generally well captured by the a priori crystal plasticity model based on the rate-sensitive properties of α-titanium. An overall slip trace analysis showed over 80% agreement between HR-DIC and crystal plasticity modelling of the primary slip activation. The texture beneath the characterised free-surface has been found to affect the local slip, stress distribution, lattice curvature and GND density and three texture variations have been considered. Grain-level slip trace analysis shows that the crystal plasticity modelling can capture single (straight) slip, multiple slip activation and complex wavy slip. The latter has been found to result from the interaction of independently activated basal and prismatic slip systems with common slip direction. Initial inter-granular misorientations greater than about 5 o have been shown to influence the subsequent micromechanical grain behaviour including slip, lattice rotation and GND density. This work contributes to the understanding of slip localization and load shedding in dwell fatigue in polycrystalline hexagonal materials.
Introduction
Crystalline materials such as hexagonal alloys often comprise multi-phase microstructures with complex morphologies, which is an intended result of alloy composition and material processing route (Attallah et al., 2009; Lütjering and Williams, 2007) . Due to the elastic and plastic response of a crystal, local plasticity within the material is highly anisotropic (Abdolvand et al., 2018; Britton et al., 2010a; Kasemer et al., 2017) . Under the external loading introduced by component operation, local shear stresses can be substantial and drive dislocation motion along slip planes and across differing phases. The deformation is accommodated by the most easily activated slip systems, which may possess differing rate dependence. The collective slip activities on the slip planes in individual grains lead to the plasticity developed in the material. Time sensitive stress redistribution may be established among grains. For example, the combination of soft grains well orientated for slip versus elastically deformed hard grains can cause notable load shedding, which has been argued to be a contributory factor in facet nucleation in some titanium alloys (Dunne and Rugg, 2008) .
Hence, it is imperative to quantify microscale slip and deformation localization through well calibrated micro-testing techniques and reliable computational methods.
Slip localization in polycrystalline materials has been reported by using high resolution digital image correlation (HR-DIC) (Di Gioacchino and da Fonseca, 2013) , high resolution electron backscattered diffraction (HR-EBSD) (Britton and Wilkinson, 2012; Wilkinson et al., 2006a) and crystal plasticity modelling (Guery et al., 2016; Tasan et al., 2014) . The local deformation, in the form of slip bands along highly stressed and well aligned slip systems, may be captured by cross-correlation of patterns of distributed nano-particles on the surface of deformed samples compared to the previously undeformed state. Therefore, the in-plane displacement and subsequently the strain field can be calculated (Vendroux and Knauss, 1998) . In this way, the HR-DIC technique has been utilised extensively in studying the microscale deformation fields (Echlin et al., 2016; Lunt et al., 2017b) , the role of aging treatment (Lunt et al., 2018) , and α2 precipitation (Lunt et al., 2017a) in strain localization of dual phase Ti-6Al-4V. It has also been applied to investigate single, polycrystal and polycrystalline (with inclusions) nickel-based superalloys (Guan et al., 2017; Jiang et al., 2016; Zhang et al., 2015b) , as well as ferritic-martensitic dual phase steel (Tasan et al., 2014) and austenitic stainless steel (A316LN) (Guery et al., 2016) . In addition, lattice distortions from elastic strain variations and lattice rotations within the sample cause small shifts in the positions of zone axes in the EBSD patterns. The shifts at regions of interest across the EBSD patterns may be utilised to determine directly the "relative" elastic deformation tensor containing information on the arbitrary strain and rotation. The relative variation in the entire strain and rotation tensor can be obtained from cross correlating Kikuchi patterns (Wilkinson et al., 2006a, b) with respect to those acquired at a reference point, which is a region of uniform, bulk crystallographic orientation. The cross-correlation-based analysis on the EBSD patterns allows rotations to be measured at much greater sensitivity of ~ 0.01° compared to 1-0.5° when using the "conventional" Hough transform-based analysis (Wilkinson et al., 2006a) . In this way, the HR-EBSD measurements of spatial variation in crystal orientation can be used to recover absolute GND densities utilising Nye's framework (El-Dasher et al., 2003; Nye, 1953; Sun et al., 2000; Wilkinson and Randman, 2010) .
Crystal plasticity modelling is now commonly used to assess and interpret both HR-DIC measurements of total strain fields as well as the elastic strain and GND fields from HR-EBSD, and several research groups have reported work using these techniques in recent years (Tasan et al., 2014; Zhang et al., 2014) . The resolution of strain measurements in HR-DIC (~ 60-250 nm) is sufficiently good such that individual slip traces from plastic deformation can be clearly captured (Di Gioacchino and da Fonseca, 2013; Lunt et al., 2017b) . HR-DIC and crystal plasticity modelling have been used to investigate the strain localization in dual phase steel (Tasan et al., 2014) where it was found that plasticity typically initiates within "hot zones", where there are larger ferritic grains and a lower local martensite fraction than the bulk material. DIC measurements and crystal plasticity modelling have been utilised to study the slip activity in polycrystalline austenitic stainless steel (A316LN) (Guery et al., 2016) .
Good agreement was achieved in the major slip system evaluation between experimental observation and computations. Quantitative comparisons between shear strain maps for the simulated and experimental results have been obtained in a sample with a large average grain size (70 µm) and in a sample with a low volume fraction of small grains down to 5 µm coexisting with larger grains up to 200 µm. Crystal plasticity modelling has also been combined with HR-EBSD to study twin tip local deformations (Abdolvand and Wilkinson, 2016a, b; Guo et al., 2017) . The strain field measured by HR-EBSD is based on a single EBSD pattern such that the strain in a grain is always measured relative to the reference point within that grain. However, considering the reference points consistently as in HR-EBSD, it is interesting to note that the grain level strain fields are well-represented by crystal plasticity modelling (Zhang et al., 2014) . Since the calculation of GNDs is based on the variation in lattice rotation, absolute values of GNDs can be recovered by HR-EBSD without having to consider a reference point. In addition, the comparison between crystal plasticity modelling and the HR-EBSD results are confined to the strain and lattice rotation fields on selected and limited grains. There is limited open data on the quantitative comparison of polycrystalline GND densities and those from crystal level modelling techniques. This demands highfidelity modelling tools that are well calibrated against appropriately designed microscale experiments.
The parallel use of HR-DIC and HR-EBSD in conjunction with computational crystal plasticity modelling has rarely been reported when studying the micromechanical behaviour of polycrystals. It remains a question whether these techniques can provide a quantitative and mechanistic analysis of challenging slip activities involving planar and wavy slip lines in polycrystals. Interestingly, clear micro slip bands, containing mostly planar traces, have been observed in polycrystalline stainless steel (Di Gioacchino and da Fonseca, 2015) , and nickelbased superalloy (Stinville et al., 2015) . In contrast, straight and wavy slip lines have been reported in titanium alloys. Basal slip lines have been found to be wavy in single crystal a titanium alloys (Akhtar, 1975; Akhtar and Teghtsoonian, 1975; Williams et al., 2002) , though the formation mechanism of these wavy slip bands remains elusive. Previously, it has been stated that crystal plasticity modelling cannot capture the microscale deformation state (Di Gioacchino and da Fonseca, 2015) . However, recent crystal plasticity modelling seems to be encouraging as it can reproduce the slip traces observed in single crystals (Zhang et al., 2016b) and dual phase titanium alloys (Zhang et al., 2016a) . Good predictions have been shown for micro-pillars (2µm wide) during elastic-plastic deformation, and for stress relaxation, slip activation in both α and β-phases, and strain localisation within the α-β pillars with differing test strain rates, β morphology, and crystal orientations (Zhang et al., 2016a, b) .
These recent finding have motivated the present study in which slip activities in rate dependent polycrystalline Ti-6Al-4V is investigated by using crystal plasticity modelling to interpret the measurements from both HR-DIC and HR-EBSD techniques.
The subject of this paper is crystal slip localization analysis in a uniaxially tensioned polycrystalline Ti-6Al-4V sample. A comparative study has been conducted using quantitative crystal plasticity modelling and experimental measurements captured using both the HR-DIC and HR-EBSD techniques. The slip activity is examined at both the macroscale and at the grain level by addressing local strain, lattice rotation, and GND densities. Detailed slip analysis is also highlighted in selected individual grains having single, multiple and complex (wavy) slip trace characteristics. Finally, the uncertainties arising in the modelling from initial grain level misorientation and polycrystal layers beneath the observed free surface are also discussed.
Experiment and material characterization
The material in this study is Ti-6Al-4V that was forged and annealed but not rolled, leading to a weakly textured material without significant microtexture development and an average grain size of ~ 20 µm. More details regarding the material can be found in (Lunt et al., 2017b) where it is termed no-macrozone condition. To produce a more simplistic microstructure, the material was subjected to a homogenisation heat treatment at 950 °C for 2 hours followed by slow cooling to generate an equiaxed microstructure. Subsequently, the material was annealed at 700 °C for 1 hour followed by water quenching to avoid any a2 precipitation. Subsequently, flat dogbone tensile samples were electrical discharge machined from the heat-treated block with a 26 mm gauge length, 3 mm gauge width and 1 mm thickness.
High Resolution Digital Image Correlation (HR-DIC)
The sample was prepared for HR-DIC by initial grinding to #4000 grit paper followed by hand polishing in a solution of 4:1 colloidal silica to hydrogen peroxide for 30 minutes. After polishing, a grid of micro-hardness indents was made on the sample surface to enable easy identification of the region for HR-DIC analysis. The final sample thickness, after polishing, was 0.91 mm. A gold speckle pattern was applied to the surface of the sample using the gold remodelling technique (Di Gioacchino and da Fonseca, 2013) , that has subsequently been optimised for HR-DIC studies on titanium alloys (Lunt et al., 2017a; Lunt et al., 2018) .
Before remodelling, a gold layer of 25-40 nm was deposited onto the sample surface using an Edwards S150B sputter. The sample was then remodelled in a water vaporisation environment at 300 °C for 3 hours to generate a pattern with individual speckles of 60-100 nm that have a uniform distribution, as shown from the magnified backscattered electron image ( Figure 1 ).
Figure 1 Typical speckle pattern on the sample surface for HR-DIC analysis
The images for HR-DIC were acquired, in backscattered electron mode at 20 kV at a working distance of ~ 5 mm, using a FEI Quanta 650 Field Emission Gun Scanning Electron Microscope (FEG-SEM). A matrix of 4 x 4 images were acquired at a resolution of 2048  1768 pixels 2 with a single image horizontal field width of 29.6 µm, equating to a total area for the HRDIC region of ~ 100  80 µm 2 . Each image took 30 seconds to record and was taken with a 10 µs dwell time. After the initial matrix of images was taken of the undeformed state, the sample was removed from the microscope and placed into a Kammrath-Weiss 5 kN tension-compression microtester where it was deformed in tension to ~ 3% applied strain at room temperature at a displacement rate of 0.1 mm/min and strain rate of 6.4´10 -5 s -1 . After deformation, the sample was again placed back inside the SEM, and the matrix of images from the same area of the deformed state was recorded.
The main principle behind Digital Image Correlation (DIC) is that it tracks unique features and compares their position between the deformed and undeformed states. The relative displacement of these features is used to produce a full-field displacement map that can subsequently be differentiated to calculate the desired strain field. In this study, HR-DIC was performed using the commercially available La Vision's Davis imaging software.
Displacement maps were produced from the previously stitched matrix of images and processed using a standard Fast Fourier Transform (FFT) with an interrogation window size of 147 x 147 nm 2 and a 0% overlap, which has been shown previously to provide an acceptable compromise between spatial resolution and systematic errors associated with rastering (Lunt et al., 2017a) .
Experiment and sample preparation for HR-EBSD
The HR-EBSD measurement was carried out on the same area as the HR-DIC was performed. After the HR-DIC measurement, the deformed sample was polished briefly to remove the gold layer. The EBSD scan was performed in a Zeiss MERLIN Field Emission Scanning Electron Microscope (FEG-SEM) with operating condition of 20 keV and a probe current of 15 nA. EBSD patterns were captured using a high resolution Bruker detector at a step size of 0.2 µm. The exposure time for collecting each 800  600 pixels 2 Kikuchi pattern was 200 milliseconds.
Elastic strain and lattice rotations were calculated by cross correlating the collected diffraction patterns (Wilkinson et al., 2006a) . This was done by dividing each pattern into 40 subdomains selected within the pattern. Subdomains were cross correlated with those from a reference point (based on the mean value of the measured quantity) that was selected for each grain. The shifts and movements of each pattern were calculated from which the relative elastic lattice rotation and strain were calculated. Since lattice rotations can be large, particularly at stress concentration sites, the remapping method was used herein (Britton and Wilkinson, 2012) . In this method, rotations calculated from the first pass were used to remap the test pattern intensities into the reference pattern orientation and then with the second pass of cross correlation, elastic strains and rotations were recalculated. The single crystal elastic modulus was used to calculate relative stresses from measured relative elastic strains. The absolute values of geometrically necessary dislocation densities were calculated using spatial variation of measured lattice curvature and the Nye tensor (Nye, 1953) . Because there is no unique relationship between lattice curvature and the nine components of the Nye tensor, an L1 minimisation technique based on dislocation energy is utilised as is conventional to give a lower bound on GND density (Britton et al., 2010b) .
High resolution DIC and EBSD strain calculations
The total strain field has been calculated from the HR-DIC measured displacement given by ε = 1 2 (∇ + ∇ ) )
The shear strain map, if applicable, is typically represented in terms of the maximum effective shear strain ( max) (Di Gioacchino and da Fonseca, 2013; Lunt et al., 2017a) as follows: (2)
In the HR-EBSD measurements, with knowledge of the elastic deformation gradient , and provided the strains and rigid body rotations are small, the lattice rotation may be determined from an additive decomposition as
The elastic strains and lattice rotations are measured from diffraction pattern shifts (Britton and Wilkinson, 2011; Wilkinson et al., 2006a) , and the lower bound geometrically necessary dislocation density is solved based on an L1 normalization (Britton et al., 2010b) .
Slip Trace Analysis
The likely active slip system for each grain has been determined using the slip trace analysis technique (Bridier et al., 2005; Hémery and Villechaise, 2017; Lunt et al., 2017a) .
The slip trace angles measured from the HR-DIC are cross correlated with theoretical slip trace angles for all slip systems (prismatic <a>, basal <a> and pyramidal <a>/<c+a>) that have been calculated using the average crystal orientation for each grain obtained from the EBSD data. Using this approach, it is not possible to distinguish between pyramidal <a> and 1 st order pyramidal <c+a>, as the two slip systems give the same slip trace angle projection on the investigated surface. Therefore, they were initially grouped together as pyramidal slip and the Schmid factor was used to distinguish between the two in any further analysis. A ± 5°
angle criterion between the experimental and theoretical slip angle is applied to predict the likely slip mode. In grains where more than one slip mode lies within ± 5°, the slip system with the highest apparent Schmid factor has been predicted as the likely slip mode. This does not provide a satisfactory way of determining the active slip mode. However, due to the limited number of grains investigated, it does allow all grains to be considered in the comparison of active slip modes between HR-DIC and CP modelling.
Crystal plasticity modelling framework considering rate dependence
Rate dependent crystal plasticity with updated lattice rotation is utilised in this study (Zhang et al., 2016a) . GND and statistically stored dislocation (SSD) density evolution are considered such that slip activation, spatial reach and distribution of slip, as well as elastic and total strains, and GND densities, may be compared directly with the experimental observations from HR-DIC and HR-EBSD.
Kinematics
The multiplicative elastic-plastic decomposition of the deformation gradient is given by
The plastic deformation gradient evolves at a rate given by
The plastic velocity gradient A is that associated with plastic flow through a fixed lattice and is given by
where C and C are updated slip directions and plane normals. The slip rate ̇ is given by
where is the active slip system (whether in the α or β phase). , is the density of mobile dislocations, the frequency of attempts of dislocations to jump obstacle energy barriers, the Burger's vector magnitude, Boltzman's constant, T the temperature, C the resolved shear stress for the activated slip system, and Y C is the corresponding critical resolved shear stress (CRSS). In particular, ΔF is the activation energy, and ΔV the corresponding activation volume for the thermally activated escape of pinned dislocations, governing the overall rate sensitive deformation (i.e. creep behaviour).
In the crystal modelling, the GNDs and statistically stored dislocations (SSDs) contribute to the critical resolved shear stress and consequently the strain hardening (Ashby, 1970; Devincre et al., 2008; Franciosi et al., 1980; Gao and Huang, 2001; Nye, 1953) , as follows
The plastic spin term is given by the anti-symmetric part of the plastic velocity gradient
so that the crystal orientation may be updated by the lattice spin, given by
where the continuum spin , is given by the antisymmetric part of the total velocity gradient,
where =̇i , and is the current deformation gradient.
The rate of crystal plastic deformation is
such that the Jaumann stress rate through Hooke's law is given by
where C is the anisotropic material tangential stiffness tensor which is updated incrementally.
Elastic properties with respect to undeformed material axes are given in Table 1 . The deformation rate is
Finally, the material rate of stress is
where σ is the current stress state.
This stress increment is updated to determine the appropriate increment of plastic strain such that the consistency condition is satisfied through Newton iteration.
The GND and SSD contribution
The evolution of SSDs is taken simply to be (Zhang et al., 2015c )
where u is the coefficient for SSD hardening and the rate of accumulated effective plastic
The GND density is calculated from the gradient of the plastic part of the deformation gradient from a Nye analysis
Nye's dislocation tensor is used to compute the components of the GNDs, given by 
where is a tensor formulated in accordance with the methodology developed by Cheng and Ghosh (2015) and the matrix of the pseudo-inverse of is expressed as • .
The GND methodology adopted originates from Nye (1953) , and is consistent with Cermelli and Gurtin (2001) when elastic lattice strains are small (Clayton, 2010; Gurtin, 2002; Steinmann, 2015) . More details of the formation adopted in the current study can be found in Arsenlis and Parks (1999) and Busso et al. (2000) .
Results and Discussion
The current work is a comparative study, using crystal plasticity modelling, HR-DIC and HR-EBSD, of the polycrystalline elastic-plastic response of alloy Ti-6Al-4V with a particular emphasis on slip activity and localization, grain-level slip traces, lattice rotations, strains and GND densities. Discussion includes grain level misorientation, the free surface response (where measurements are made) and the response potentially resulting from the unknown anisotropic polycrystal layer of material beneath the free surface.
Macroscopic response
As shown in Figure 2 , the crystal plasticity modelled region of the sample under investigation is a square with an area of 240  240 µm 2 . Crystallographic orientations have been assigned from those measured by EBSD, but at the end of deformation. However, given the applied strain of 3.3%, these orientations are unlikely to be significantly different from those prior to deformation. The out-of-plane depth of the model is taken to be 20 µm, which is the average grain size of all the grains illustrated in the inverse pole figure in Figure 2 (a).
This size of modelled region is selected to ensure the centre grain, highlighted by the purple broken line in Figure 2 (b), is well represented for the grain level study. In addition, the modelled region, illustrated in Figure 2 (b), includes the full scanned area used for HR-DIC (132  86 µm 2 ) and HR-EBSD (176  120 µm 2 ). The HR-DIC and HR-EBSD measurements were taken on the same surface of the tested specimen to provide a consistent comparison of experimental full field strain and strain gradient measurements with the crystal plasticity models. As a result, the CPFE model considered contains 176 grains as shown in Figure 2 (c).
To facilitate the comparative study of unknown material beneath the measured free surface, a second layer of material with a grain size of 20 µm is also considered as in Figure   2 (d). The grain shapes are taken to be prismatic along the z direction; that is, the grain morphology of the sub-layer is identical to the free surface layer, but the sub-layer grain orientations may be specified differently to those for the free surface. This consideration places emphasis on investigating the role of crystallography of the underlying sub-layer of grains on the surface deformation as opposed to the lesser effect of grain morphology. The crystal plasticity model is meshed by 20 noded ABAQUS elements C3D20R. The material parameters used in the model presented are listed in Table 1 . With a prior convergence study, the stress-strain curve is found to produce experimentally consistent results when the mesh size reaches 4 µm per element, as shown in Figure 2 (c). The same mesh has also been adopted for the double layer model in Figure 2(d) . The crystal orientations of the sub-layer are taken to be random in the double layer model when it is utilised, or as otherwise specified. , the overall crystallographic texture in the tested polycrystalline material is very weak. It provides a small preference towards prismatic slip system activation, since the uniaxial loading direction is along the X direction in the pole figure and the c-axis of the hcp crystal has a slight preferential orientation along the Ydirection. In the experiment, the load-displacement relation is directly recorded from the microtester, using load readings taken from the 5 kN load cell and displacements measured using a Linear Variable Differential Transformer (LVDT). The loads and displacements were transformed to stresses and strains, respectively, using the previously stated sample geometries. With a measured specimen gauge length of 22.67 mm, the total average strain was calculated to be 3.3%, which was applied with a strain rate 6.4 x 10 -5 s -1 . The experimental average stress-strain behaviour is shown in Figure 4 (a).
Figure 3 Texture in the tested Ti-6Al-4V polycrystalline material shown in Figure 2(a) . The specimen is deformed in tension in the x direction. The pole figure in (a) shows majority (but not all) basal poles in plane; and in (b) the prismatic plane normal direction uniformly distributed over orientation space
In the crystal plasticity modelling, the loading was imposed in the X-direction as a linearly increasing strain-controlled tension. The total strain was taken as 3.3% and imposed under the same strain rate as the experiment. The material properties for Ti-6Al-4V were taken from Zhang et al. (2015c) , which were determined from comprehensive single crystal and polycrystal tests under differing strain rates. It is interesting to find, Figure 4 , that the numerical prediction with known Ti-6Al material properties (Zhang et al., 2015c) , provided in the Table 1 , gives reasonable comparison with the experiment both in load-displacement and stress-strain relations and are shown in Figure 4 and (b) . This is anticipated as the tested Ti-6Al-4V in this study contains 93% HCP a phase and thus its behaviour is expected be similar. According to the recent study on multi-phase titanium alloys (Zhang and Dunne, 2017) , the macroscopic response of a+b titanium alloys (with BCC β volume fraction less than 20%) is dominated by the HCP a phase. In the present Ti-6Al-4V alloy, the b phase fraction is even lower and is confined to triple points between alpha grains. Figure 4 shows the simulated response using the critical resolved shear stresses obtained independently from Gong and Wilkinson (2011) and (Zhang et al., 2015c) resulting in a higher yield point. The uniaxial tensile test is in the x direction.
In order to show more quantitative results from the HR-DIC and crystal plasticity modelling, a statistical comparison of measured and calculated Schmid factor is demonstrated in Figure 6 . Note that the Schmid factors obtained from the experiments are 'apparent' in that they are determined assuming a uniaxial stress state exists at the grain level. However, the CP results provide the full detail of (predicted) stresses and stress states, and their intergranular variations, so that Schmid factors may in principle be determined correctly at all points within each grain. However, in order to provide comparison with experiment, grainaveraged stresses are extracted from the model to determine Schmid factors. The slip activity according to HR-DIC analysis shows 35% basal, 59% prismatic and 6 % pyramidal slip. The slip activation in crystal plasticity modelling is correspondingly 43% basal, 57% prismatic system and zero pyramidal system activity. Apart from the three unidentified pyramidal slip systems in the simulation, we considered all 43 grains having good agreement in primary slip activation in both experiment and simulation. As aforementioned, this corresponds to 84% of the 51 grains specifically examined. The agreement between the two is therefore reasonably close, recognising that the slip activations from HR-DIC and crystal plasticity are calculated in differing ways. The former is based on matching the slip lines from the image after deformation with those calculations from differing slip systems, with loading direction directly adopting the remote tension in the X direction (thereby giving approximate, apparent Schmid factors). The latter is calculated from the most active slip system such that the accumulated slip in that system is the highest, and the loading direction is affected by the local stress state. It is clear that the slip activation from the crystal plasticity modelling rightly depends on the microscale stress distribution, because the local stress state may be important in grain-level slip activation, and is often different to that assumed from the macroscale (Wan et al., 2016; Zhang et al., 2016a) . specifically examined grains are considered as in Figure 6 . It is clear from both the experimental observations and CP modelling that higher Schmid factors (be that apparent, based on the uniaxial stress assumption in the experiments, or grain averaged and determined from maximum principal stress in the CP calculations) result in the majority of the (grainaveraged) straining. In addition, prism slip is found to lead to higher strains generally than that from basal activation, and this is apparent from both DIC measurement and CP modelling, showing reasonably good agreement. Figure 8 (c) and (d) show the comparisons for the grain-averaged strains determined from the HR-DIC measurements and the CP modelling, such that some agreement within about 20% is achieved for all the grains considered. The strains developed within both predominantly basal and prism slip grains in these figures again generally show that the higher magnitudes typically arise from the higher Schmid factors for both basal and prismatic slip. However, prismatic slip seems to contribute more to the higher grain-averaged loading direction strains.
As shown in Figure 6 (b) and Figure 8(b) , pyramidal systems are not activated according to the crystal plasticity model, noting that the critical resolved shear stress for this system is about three times higher than that for the basal and prismatic systems (Zhang et al., 2015c) , which has also been previously reported in micro-cantilever experiments on titanium (Gong and Wilkinson, 2009 the CP modelling to exceed the critical resolved shear stresses in order to activate slip. The average strains obtained from the CP modelling, but therefore derived from basal and prism slip (since pyramidal slip is not activated), are 0.026, 0.029, and 0.03, respectively. Figure 9 The Schmid factors in three grains labelled in Figure 7 are compared between CP modelling and the HR-DIC experiment for the activated primary slip system: (a) the apparent Schmid factors, both calculated using remote loading direction and (b) local Schmid factor by modelling shows variation in values for all three concerned grains (their locations are shown in Figure 7 ) compared to the apparent Schmid factor obtained from experiment. "Prism-1" and "Prism-3" are two activated prismatic slip systems in grain g1 (corresponding to Figure  14 (f) and (g)), respectively.
A quantitative comparison of Schmid factors obtained from CP simulation and experiments is shown in Figure 9 for grains labelled in Figure 7 . Experimentally determined Schmid factors come from the assumption that the stress state remains uniaxial (reflecting the applied loading) whereas the CP modelling takes full account of the local, microstructurallevel stress state (which is often not uniaxial). In the latter case, therefore, the Schmid factors are determined utilising the resultant maximum principal stress direction determined locally within the grain of interest. Interestingly, as shown in Figure 9 , the CP model predicted range of Schmid factor for grains g0 and g2 is low, reflecting reasonably uniform stress state in these grains. As a consequence, the Schmid factors calculated show close agreement with the experimental 'apparent' Schmid factors. However, for grains g1 (prism-1) and g1(prism-3), the stress inhomogeneity within this grain is larger such that the CP predicted range of Schmid factors is larger, reflecting the fact that the stress state is not uniaxial in these grains.
But the average grain Schmid factor is in fact close to the experimental 'apparent' Schmid factors, indicating that the average stress state across these grains remains approximately uniaxial. However, it is also clear that intragranular analysis of Schmid factor, and hence slip activation, generally requires knowledge of the full stress state and that e.g. in areas of high elastic constraint, the apparent Schmid factors can be quite different, as shown in Figure 9 Figure 2(d) .
The vertical grey dash lines indicate grain boundaries.
Since the resolution in HR-DIC is much higher than that in the numerical simulation, capturing nanoscale detail and the discrete nature of the slip system activation (with highstrain peaks from individual slip traces clearly observed in Figure 10(a) ), it is necessary to process the experimental data from HR-DIC to provide a like-for-like comparison. For this reason, the raw HR-DIC data is coarsened by averaging over 30 data points in a given neighbourhood. This gives a corresponding path length of about 4 µm over which the DIC smoothing is carried out, and corresponds reasonably to the size of a single finite element in the model. To investigate the role of grains beneath the free surface, in the analyses presented in this section, the sub-layer of grains described earlier (Figure 2(d) in Section 4.1)
with randomly assigned crystallographic orientations is both included and excluded in the modelling in order to assess the sub-layer effect on free-surface calculated response. As shown in Figure 10 (a) and (b), the xx strains along the two paths shown, taken from the surface layer of elements in modelling, agree reasonably well with the HR-DIC measurement, except that the detailed slip distributions around triple junctions do not appear to be well represented. Note that the observed local stress and strain fields at the free surface are affected by the orientation of the underlying grains in the volume (St-Pierre et al., 2008; Zeghadi et al., 2007) . Model results are always taken from the free surface in this study in order to provide comparison with the experiment. It is also seen that the inclusion of a sublayer of grains with a random texture does have an effect on the CP-calculated strain observed on the free surface. This is seen more clearly in Figure 10 (c) and (d). The effects of the crystallographic orientation may be important for other quantitative measures such as elastic strain, stress, lattice rotation and GND density, and these effects are considered further below. In addition, the misorientations which develop within individual grains can be as high as 15º, and are likely also to be important in influencing local quantities; this is discussed in Section 4.4.
A study of lattice rotations, curvatures and GND densities has been conducted utilising both crystal plasticity modelling and HR-EBSD measurements at the grain-level. Figure 11 Figure 12 . In a manner similar to that used for processing the HR-DIC trend lines, the trend line of GND density from HR-EBSD is obtained by averaging over 10 data points in a given neighbourhood. This gives a corresponding path length of about 4 µm.
The GND densities are typically found to be higher at grain boundaries when compared to the interior of grains, reflecting strain localisation and the development of plastic strain gradients at grain boundaries. The differences in Figure 12 may reflect the absence of information on the initial sample heat treatment giving rise to a distribution of GND density in the undeformed state prior to the applied loading imposed for the modelling. In addition, we note that the HR-EBSD method gives six components of the Nye tensor whereas CPFE model gives all nine. Similar to the case for the relative lattice rotation, the inclusion of the sub-layer of randomly orientated grains below the free surface has little impact on the resulting surface GND density distributions according to the CP modelling. Many studies (Miller and Dawson, 2014; Yang et al., 2011; Zhang et al., 2015a) have argued that it is important to reflect both crystallography and morphology in sub-layer grain modelling so that it is somewhat surprising to find the limited impact of the grain sub-layer on the surface GND distributions. Figure 11 The relative lattice rotation along paths (a) A-A' and (b) B-B'. Note the relative lattice rotation is given by the difference between pointwise rotation and the grain average lattice rotation. Single layer indicates just one layer of grains included in the modelling; double layer indicates a second layer of grains assigned random crystallographic orientation illustrated in Figure 2(d) . The vertical grey dashed lines indicate grain boundaries. Figure 13(d) shows that the x-direction strain response at the free surface is significantly affected by the three sub-layer orientations but that the responses are consistent but with local fluctuations. For the sub-layer which is soft in-plane, i.e. Figure 13(b) , the corresponding out-of-plane deformation becomes elastic and inhibits out of plane slip. It is thus seen in Figure 13 (e) that the GND densities are pushed up at grain boundaries as a result of the elastic constraint imposed in the out-of-plane direction by the hard sub-layer.
Correspondingly, the in-plane lattice rotation, shown in a Figure 13 (f), decreases. Clearly the crystallographic orientation/texture of the sub-layer affects the free-surface observations. But often, the influence may be confined to localised grain events as shown in Figure 10 The polycrystalline-level slip trace analysis in Section 4.2 shows that reasonably good agreement is achievable between experimental observation and crystal plasticity modelling of slip activation. As shown in Figure 5 , the slip activity in most grains is dominated by a single primary slip system and the corresponding slip trace is shown as a single straight line.
However, the experimental slip traces in some grains have indicated the activation of multislip. It is noted that in the modelling of polycrystalline behaviour, it has previously been suggested that crystal plasticity is not capable of representing grain-level slip traces (Di Gioacchino and da Fonseca, 2015) . In addition, wavy slip traces are often observed in experimental testing, for example as in Figure 5 , and the role of grain level re-orientation on the formation of slip traces is also of interest. In this section, three representative grains for which single (straight) slip, multi-slip (straight), and wavy slip traces occur are selected for detailed study using the CP modelling.
Three grains in the central region of Figure 2 that are far from the imposed boundary conditions were examined in greater detail, and identified as grains g0, g1, and g2 and labelled in Figure 7 . The finite element mesh in grain g1, which shows evidence of multi-slip activity, was refined such that a representative element (20-noded C3D20R element) size is 2 µm. Two additional grains have also been considered which capture single slip behaviour and more complex multiple slip with curved traces respectively, as shown in grains g0 and g2
in Figure 7 . For the case of single slip in grain g0, Figure 14 At the bottom-right of this grain, more sparse slip traces are seen to develop from the HR-DIC measurement for which the CP model predicts lower strains given by Figure 14(b) . The xx strain field has been found to develop predominantly from prismatic slip given in Figure   14 (c), for which the activated slip plane and normal in the hexagonal unit cell are also inserted. The central grain g1, which exhibits multi-slip is shown in Figure 14(d) , and the two slip traces observable are caused by two differing prismatic systems illustrated in Figure   14 (f) and (g). The accumulated slip fields are shown separately in Figure 14 (f) and (g), though they cannot be understood unambiguously from the resulting strain field in Figure   14 (e). The most complex case is demonstrated in Figure 14 (h) for grain g2 where the total deformation is accommodated by multiple curved slip traces. It is seen from Figure 14(i) showing the overall CP model calculated xx-strains that the curved nature of the slip trace at the top of grain g2 has been reasonably well reproduced in the numerical simulations. From Figure 14 (j) and (l), the curved slip traces can be seen to derive from the contribution of a basal and a prismatic slip system, respectively. The combination of these two slip systems gives rise to the curved strain trace in the map in Figure 14 (g), though the slip directions of the two activated slip systems are the same. Basal slip was activated first (according to the CP model) at the top of the grain, followed by the prismatic slip system, which was found to give rise to slip superposition. The basal and prismatic slip systems, which are activated and give rise to the wavy slip in Figure 14(h) , are quantified and shown diagrammatically in 
Figure 14
Crystal plasticity modelling interpretation of HR-DIC measurement for single-(straight), multi-(straight), and multiple wavy slip in three representative grains g0, g1, g2 in rows in (a), (d), and (h), respectively. The numerical slip traces for the main slip activation have been highlighted in white lines. The uniaxial tensile test is in the x direction. Figure 15 Slip interaction in grain g2: the wavy slip trace in Figure 14(h) is introduced by the superposition of a basal slip and a prism slip, as shown in Figure 14 (j) and Figure 14 (l) , respectively. The white lines herein show the projection of the slip planes of these two systems on to the free surface.
With reference to the large central grain g1, the HR-DIC trace analysis shows that the left hand side of the grain develops prismatic <a> slip with an apparent (i.e. assuming a local uniaxial stress state corresponding to the applied uniaxial loading) Schmid factor of 0.46, as shown in Figure 14(f) , and the right hand side deforms by an alternative prismatic slip system, as shown in Figure 14 and . Firstly, a reference point is selected in a given grain (defining ), and then a path chosen along which the deviation of the pointwise orientation from that given by is calculated using the above expression for misorientation, giving the path misorientation. The path misorientations determined from EBSD characterisation and orientation mapping in the three grains of interest listed in Figure   14 are considered and are shown in Figure 16(a) . The path misorientation is rather low in grain g0, where single slip is indicated by the traces which have been demonstrated in Figure   14 (a). The peak path misorientation along path C-C' has been found to be about 3º. The path misorientation in grain g1 has been found to be high at the right-hand side of the grain, as demonstrated in Figure 16 (b). The maximum path misorientation is higher than 5º along Path D-D' in Figure 16 (e). The path misorientation in grain g2, containing complex multiple curved slip traces, shows significant heterogeneous misorientation as illustrated in Figure   16 (c). It is found that the greatest path misorientation can be as high as 15º. Unfortunately, however, full EBSD mapping was not available for the undeformed sample and each grain orientation in the undeformed state has been taken to be uniform in the CP modelling. To study the role of intra-grain misorientation on the measured free surface response, further CP models have been established for grain g2, which has the greatest misorientation. Two cases are considered for examining the misorientation distribution effect.
Firstly, grain g2 is taken to have completely uniform orientation prior to imposed loading in the modelling as shown in Figure 17 grains with slightly differing crystal orientations as shown in the figure) . The resulting accumulated plastic strain fields after loading for the two cases for grain g2 are shown in Figure 17 (b) and (d), respectively. It is found that the calculated accumulated plastic strains after loading for these two grain misorientation cases are reasonably close but that some strain localization differences are observed local to grain boundaries. Figure 16 Misorientation in three representative grains g0, g1, and g2 in Figure 7 : full misorientation map is shown in (a), (b) and (c), respectively, and the path plot on these grains on C-C', D-D', and E-E' are correspondingly extracted in (d), (e) and (f). For instance in path C-C', the misorientation being shown here is the angle between any pixels along C-C' wrt the reference C. Figure 17 Effect of initial grain misorientation on local plastic strain fields for grain g2 in Figure 7 : illustration of grain g2 without and with misorientation in (a) and (c), respectively; effective plastic strain fields in grain g2 without and with initial misorientation in (b) and (d), respectively.
Figure 18
Role of crystal misorientation in micromechanical response in path E-E': (a) tangential modulus ratio, i.e. with misorientation to without misorientation, in loading direction xx; (b) xx strain; (c) relative lattice rotation; (d) GND
Further examination of the response in grain g2 along path E-E' shown in Figure 16 (c), resulting from the differing initial misorientations given in Figure 17 (a) and (c), respectively, is given in Figure 18 . The grain level misorientations, naturally, change the elastic modulus values, and particularly that component in the loading direction, Exx. Figure 18(a) shows the spatial variation of modulus Exx component shown as the ratio for the misorientated to uniform grain g2. The abrupt change of modulus ratio is clear along path E-E', for which xx strain and lattice rotation, and GND density at the end of the loading in the CPFE modelling are similarly found to change quite considerably, as a consequence of the differing initial misorientations in grain g2. A similar CPFE computational study carried out for grain g1,
where the maximum misorientation after loading is 5 o showed no obvious change of the micromechanical response. These analyses, although limited, suggest that the local mechanical response remains largely unaffected if grain misorientation is less than 5 o .
Conclusions
Quantitative analysis of microscale deformation, slip activation and localization has been conducted in alloy Ti-6Al-4V, using HR-DIC, HR-EBSD and rate-dependent crystal plasticity modelling. The slip activation from HR-DIC measurement and numerical simulation has achieved over 80% agreement for the primary slip activities in each grain (over 50) in the polycrystal studied. The modelling of 3-D microstructure as columnar grains leads to good agreement (i.e. within 20%) in terms of local deformation in about 60% of the grains. The Schmid factor and slip system activation distributions from HR-DIC measurement and CP modelling are found to show good agreement. Considering the small deformation in the current case, the apparent Schmid factor calculated using the remote loading direction does not vary very much in local grains.
The deformation of the sample is accommodated mostly by the activated basal and prismatic slip systems with a Schmid factor over 0.4. In the present study, it has been found more prismatic slips have been activated than basal slips, both from experiment and CP modelling.
Generally good agreement has been achieved in transgranular HR-DIC measurement and CP model strains and lattice rotations in polycrystal deformation. The HR-EBSD GND density distributions are also reasonably reproduced by CP modelling, though the CP predicted GND density is found to be consistently lower than that from the HR-EBSD measurement, in keeping with other published results. The role of sub-layer grain texture (from random to extreme) on free-surface slip measurement has also been investigated. A hard subsurface layer of grains will promote the slip accumulation at the grain boundaries of the surface grains.
In this study we showed that it is possible to capture the slip trace in local grain with a size of 10 µm. The origins of observed single (straight), double (cross) and multiple wavy slip have been explored from the HR-DIC measurements and CP modelling. Wavy slip has been found to result from the interaction of activated slip systems of differing type, but with common slip direction. Finally, initial inter-granular misorientations greater than about 5 o have been shown to influence the subsequent micromechanical grain behaviour including slip, lattice rotation and GND density.
